Abstract-Recent progress in establishing the capability of radios to operate in full duplex mode on a single channel has been attracting growing attention from many researchers. We extend this work by considering the application to small cells, in particular resource-managed cellular systems similar to the TDD variant of LTE. We derive conditions where full duplex operation provides improved throughput compared to half duplex for a single cell scenario. We present a hybrid scheduler that defaults to half duplex operation but can assign full duplex timeslots when it is advantageous to do so. We compare the performance of such a scheduler with a traditional half duplex scheduler in terms of throughput and energy efficiency. Our simulation results show that we achieve as much as 81% of the capacity doubling promised by full duplex, with limitations deriving from interference effects specific to full duplex operation.
I. INTRODUCTION
The demand for wireless data increases year after year driven by the growth of smart phones, tablets, laptops sales, the popularity of video streaming, and other bandwidth intensive applications. Regulatory bodies and companies have highlighted this trend with various estimates of spectrum shortage and have proposed ways forward [1] - [4] . There have even been goals set to improve capacity by as much as 1000x [5] , [6] . Meeting the demand, simple in concept but often challenging in implementation, falls into two categories: more spectrum or more efficient use of current spectrum. The latter includes radio link design such as waveforms and channel coding enhancements; network architecture evolution towards small cells, heterogeneous networks, and multi-cell cooperation; and improvements in source coding and video compression. This paper addresses a promising radio link approach, the use of full duplex operation in a single RF channel that has the potential to double the spectral efficiency.
The large differential between transmitted (Tx) and received (Rx) powers in an RF link, together with typical Tx/Rx isolation, has driven the vast majority of systems to either frequency division duplexing (FDD) or time division duplexing (TDD). FDD separates the Tx and Rx signals with filters and TDD with Tx/Rx switching. Recent results have challenged this limitation and established the feasibility of full duplex common carrier operation by demonstrating that This work is partially supported by NSF's Accelerating Innovation Research Project. a combination of analog cancellation and digital cancellation can remove enough of the Tx self-interference from the Rx path to allow demodulation of the received signal. This was demonstrated using multiple antennas positioned for optimum cancellation in [7] and later as single antenna systems [8] , [9] where as much as 110 dB cancellation is reported, compared to more typical results of 85 dB. An antenna feed network, for which a prototype provided 40 to 45 dB Tx/Rx isolation before analog and digital cancellation, was described in [8] . An 802.11 system, with the CSMA/CA MAC slightly modified for full duplex operation, is presented in [10] , [11] , and [12] where software simulations show throughput gains from 1.2 to 2.0 assuming 85 dB cancellation. A multi macro cell network with full duplex base stations is analyzed in [13] , where an analytical model based on stochastic geometry shows the throughput gain of 11% and 91% in uplink and downlink, respectively, due to full duplex BSs deployment. They also derived the full duplex gain through simulating an OFDMA based system, where it shows the throughput gain of 57% and 99% in uplink and downlink, respectively. Uplink gain is limited by the high inter cell interference from the neighboring BSs during full duplex operation. In their design they did not include the effect of residual self-interference at BSs, which may restrict one from using the full duplex technology in a large cell scenario because of the lower uplink coverage due to self-interference effect. A performance comparison in terms of capacity enhancement between using multiple-antennas as half duplex MIMO with that of utilizing them to build a full duplex radio in a single cell scenario is done in [14] . They used the information theoretic techniques, that is, successive interference cancellation for uplink and dirty paper coding in downlink to calculate the user capacity. It shows that under certain conditions, using additional antennas for building fullduplex radio can provide performance boost compared to utilizing them to form a high capacity MIMO link.
Our work accepts the premise that transceivers with sufficient cancellation technology are feasible, and focuses on the application of full duplex common carrier operation in resource managed TDMA-type small cell systems with dynamic scheduling. A current example is LTE, in particular, the TDD variant [15] , [16] . Providing a factor of two times increase in capacity would be a significant breakthrough, yet given the variety of link geometries, the density of users, and propagation effects in mobile channels, the problem we address is to determine what level of capacity improvement can indeed be expected. We begin with a single small cell, using propagation models proposed by 3GPP for the evaluation of small cell hot zones [17] . The base stations are assumed to be capable of full duplex operation, where the additional cost and power is most likely to be acceptable, while the mobile stations are limited to half duplex operation. We evaluate link conditions under which full duplex operation can be supported, present scheduling approaches for both a half duplex baseline and full duplex operation, compare the throughput of the systems, and evaluate energy efficiency.
Section II presents the communication system scenario. Conditions for full duplex operation, including range and selfinterference cancellation, are derived in Section III. Scheduling algorithms for half duplex and full duplex operation are provided in Section IV. Section V contains simulation results for throughput and energy efficiency. Conclusions are discussed in Section VI.
II. A FULL DUPLEX SINGLE SMALL CELL
We consider a scenario consisting of a small cell with multiple legacy half duplex user equipment (UEs) and a base station (BS) that can operate in full duplex or half duplex mode. Figure 1(a) shows the half duplex TDD baseline. It consists of a frame containing a set of timeslots, all operating on the same frequency channel, that alternate between uplink and downlink operation providing a continuous stream of data in one direction or the other. This is a simplified structure in that a deployed system, TDD LTE for example [15] , [16] , would typically have special timeslots or guard periods for Tx/Rx switching and other overhead functions and may group uplink and downlink slots together to minimize switching, which we do not consider in our current analysis. Full duplex timeslots are introduced in Figure 1(b) . It would be desirable to configure every timeslot as full duplex in the hope of achieving a doubling of capacity, but we anticipate the need to operate some as either solely uplink or solely downlink due to the interference environment explained below. It is the job of a packet scheduler to determine whether a timeslot will be an uplink, downlink, or full duplex timeslot and which UE will be given service.
The half duplex TDD scenario is further illustrated in Figure 2 (a) where UE1 is a downlink user and UE2 is an uplink user. The orthogonal channel access in time, as shown in Figure 1(a) , prevents interference between UEs, but each UE only accesses the channel half the time. Figure 2(b) shows the full duplex scenario where both UEs are scheduled in the same timeslot, potentially doubling the total cell throughput. Unfortunately, there are several interference issues that need to be considered: (1) the Tx-to-Rx self-interference at the BS which impacts the ability of the BS to demodulate the uplink signal, and (2) the interference from UE2's uplink signal which impacts the ability of UE1 to demodulate its downlink signal. Depending on the locations of the two UEs relative to each other and the BS, the propagation channels, the self interference cancellation capability of the BS, the required SNR at each receiver, and the limit of Tx power, the use of full duplex operation may lead to lower throughput compared to half duplex operation. So, a doubling of capacity is only an upper bound, and the actual full duplex gain needs to be evaluated which is the subject of the remainder of this paper.
III. CONDITIONS FOR FULL DUPLEX GAIN IN A SINGLE SMALL CELL
In this section, we derive the conditions, one for downlink and the other for uplink, under which full duplex operation will have throughput gain in comparison to the baseline half duplex TDD system. We use the capacity upper bound as the metric to measure such gain. The expressions of the conditions illustrate the dependencies among various system parameters mentioned in the previous section. More importantly, the existence of common parameters in those conditions implies that downlinkuplink joint optimization is desirable to maximize the system sum capacity.
A. Condition for full duplex gain in downlink
In the full duplex system, a downlink UE gets twice as many timeslots, albeit subject to interference from an uplink UE on the same channel. Therefore, full duplex operation will provide a net throughput gain on the downlink when the downlink data transfer across two timeslots, subject to interference from the uplink UE, is larger than the downlink throughput in one timeslot without any such interference (i.e., the half duplex baseline).
Consider Figure 3 where a downlink user UE1 is at distance d 1 meters away from its BS, which is transmitting at power P BS watts. The channel between UE1 and the BS is given by
where α 1 is the path loss exponent, and
2 includes shadowing and the constant factor in the path loss. The uplink user UE2 on the same channel is transmitting at power P UE watts. It is at d 12 meters away from the UE1, and the channel between UE1 and UE2 is given by
, for which we use C 12 = |a 12 | 2 in below equations.
Assuming half duplex system, the downlink user UE1's data rate is
where
In the above equations, W C is the bandwidth of a channel which is shared for the uplink and downlink transmission and N UE is the noise power at the UE1. In a full duplex system, where the downlink UE is also scheduled in the uplink time interval and the channel stays constant in both intervals, UE1 gets the data rate
where I UE is the interference power from the uplink user (UE2), which is given by
To achieve full duplex gain, the data rates for full duplex and half duplex systems need to satisfy the following condition:
Using expressions in (1)- (5), the above inequality can be expressed as
This is the condition for full duplex gain in downlink. Given channel characteristics and received noise power at UE1, this condition is a function of UE2 and BS transmit powers (i.e., P UE , and P BS ), and the distances between the two UEs (d 12 ) and between the BS and UE1 (d 1 ).
The condition expressed in (7) can be used for different purposes. For example, given the location of the UEs, it can be used to set power levels to achieve high throughput using full duplex operation. If transmit powers are fixed, it could also be used to determine if it would be better to use full duplex or half duplex operation depending on the distance between two UEs. In fact, from (7), one can get
The expression on the right hand side of the above expression is the minimum required distance between an uplink UE and a downlink UE to achieve full duplex downlink gain. Figure 4 shows the results for various channel conditions as a function of the distance between the downlink UE and the base station. In the figure, BS↔UE:LOS and UE↔UE:NLOS mean that the channel between the downlink UE and the BS has line-of-sight (LOS) propagation (α 1 =1.69), and the channel between UEs (interfering uplink UE and the downlink UE) has non-line-of-sight (NLOS) propagation (α 12 =4.33), respectively. The BS power (P BS ) and UE power (P UE ) are set to 1.78 dBm and 0.78 dBm, respectively. (Further details of the simulation parameters are given in Section V.) Not surprisingly, the results in Figure 4 indicate that the downlink propagation channel from the BS to UE1 must be favorable, or at least comparable to the interference channel from UE2 to UE1 for full duplex operation to be feasible.
B. Condition for full duplex gain in uplink
As shown in Figure 3 , an uplink user UE2, which is at d 2 meters away from the BS, is transmitting at P UE on an uplink channel given by
, for which we use C 2 = |a 2 | 2 in below equations. During full duplex operation, the BS schedules a downlink user UE1 on the same channel. It transmits at P BS which causes self interference power of R SI to the uplink receiver. Similar to Section III-A, the data rate of the uplink UE in the half duplex and the full duplex systems are given by (1), and (3), respectively. In the uplink case,
and
where N BS is the noise power at the BS. In this paper, we consider a basic self-interference model in which the cancellation capability does not vary with the transmission power, so for the given transmission power P BS and the self-interference cancellation value C SI , the residual selfinterference power is given by
Using expressions in (9)- (11), the above inequality can be expressed as
This is the condition for full duplex gain in uplink. Similar to (7), given channel characteristics and received noise power at the BS, this condition is a function of UE2 and BS transmit powers (i.e., P UE and P BS ), self-interference cancellation gain (C SI ), and the distance between BS and UE2 (d 2 ). Given locations of UEs, this condition combined with the downlink condition in (7) can be used to determine the transmit powers, P UE , and P BS , so that full duplex gain can be achieved in both downlink and uplink. In addition, given UE locations and transmit powers, this condition can also be used to derive the minimum required BS self-interference cancellation such that the uplink full duplex operation has throughput gain compared to the half duplex baseline. In fact, from (13), one can find Figure 5 shows the minimum required C SI for LOS and NLOS channels between the UE and BS. Once again the results show that favorable propagation between the base station and UEs improve the performance of the full duplex system, here in terms of reducing the degree of BS selfinterference cancellation required.
IV. SCHEDULING
The previous sections show that full duplex throughput gain is only available under certain propagation, range and power conditions. This observation indicates the need for an intelligent scheduler, which can use the full duplex capability opportunistically. That is, it must select the appropriate combination of UEs for full duplex operation in each timeslot, attempt to maximize system throughput, and maintain a level of fairness so all UEs are provided with service. The scheduler we propose will identify favorable conditions for full duplex operation and operate with a combination of full duplex and half duplex timeslots. We use a utility based scheduling algorithm for both the the half duplex baseline and full duplex system. Moreover, in our system, we also assume that each UE has infinite backlogged data for each direction.
A. Scheduling in the half-duplex system
In a multiuser scenario, in each scheduling interval, the objective of the scheduler is defined to maximize the logarithmic sum of the average rates of all the UEs [18] , that is,
M aximize
where N is the number of UEs in the system, and R k (t) is the average achieved rate of UE k until timeslot t. In each timeslot, the scheduler calculates the utility index of each UE, and chooses the UE with maximum utility index. For each UE (1 ≤ k ≤ N ), the value of R k (t) depends on the scheduling decision in timeslot t, and it is updated as,
otherwise.
where β is a weight constant taking a value between 0 and 1, and R k (t) is the instantaneous rate of user k that can be achieved in timeslot t. Assume UE m is selected in timeslot t, then based on (16) the value of the objective function given in (15) becomes
log(β R k (t − 1)), (17) which can be further reduced to,
where C is a constant and does not depend on the UE selection in timeslot t. It means that to maximize the objective function in timeslot t, the scheduler needs to choose a UE k as arg max
( 19) In each timeslot the scheduler calculates the above utility index of all UEs, and selects the one with the maximum value. In the half duplex system, where we assume that the downlink UEs and the uplink UEs are scheduled in alternative timeslots, the scheduling is done independently. That is, the scheduler maintains the average downlink throughput status (say D k (t)) and average uplink throughput status (say U k (t)) for each UE, separately. Then in each timeslot, the scheduler calculates the utility index for each UE in the corresponding direction and chooses the UE with the maximum index. For example, if t is a downlink timeslot, then the scheduler chooses a UE as (20) where D k (t) is the instantaneous downlink rate of UE k in time slot t. Once the UE selection is done, the average rate D k (t) for all users (1 ≤ k ≤ N ) is updated as described in (16) . Please note that the average downlink rate for all users do not change during the uplink timeslot. A similar calculation is done for an uplink time slot with the uplink data rates.
B. Scheduling in the full duplex system
In the case of full duplex operation, where both the uplink and downlink UEs may be scheduled simultaneously, the scheduler needs to choose an appropriate UE in both directions. The objective of the scheduler is now defined as,
M aximize
In each timeslot, the full duplex scheduler needs to calculate the utility indices for both directions. As we saw in Section II each direction degrades the performance of other direction by generating interference, so UE selection in one direction affects the selection in the other direction. Thus, in each timeslot, for the given self-interference cancellation capability, transmission powers, and the collection of UEs, a full duplex scheduler selects a pair of UEs with the maximum aggregate utility index (Agg ut ). It calculates the aggregate utility index for each pair and selects the one with the maximum value, that is,
The scheduler keeps track of the average rates (uplink/downlink) of each UE, and includes inter-UE interference and BS self-interference while calculating the instantaneous rates in each direction. In this way the full duplex scheduler tries to find the best pair for the given current condition while maintaining fairness and maximizing the overall objective (21).
In Section III, we derived the favorable conditions for full duplex operation from both the downlink and uplink UEs point of view. It was clear that sometimes a single UE in the uplink or downlink would be a better choice than full duplex operation. To implement this hybrid scheduling, our full duplex scheduler also calculates the independent downlink and the uplink utility index in each timeslot. It finds a downlink UE with the maximum downlink utility index (Dwn ut ), assuming no uplink UE on that channel, and also finds an uplink UE with the maximum uplink utility index (Up ut ) with no residual self-interference. Finally it selects one of the three cases with the maximum utility indices, that is
Thus, our full duplex scheduler switches between full duplex operation and half duplex operation based on the utility gain in each timeslot. In other words, it selects the mode which contributes the largest value towards the overall objective of the system in terms of throughput as well as fairness.
V. PERFORMANCE EVALUATION
In this section, we present a simulation analysis comparing full duplex and half duplex operations of a single small cell in terms of the throughput and the energy efficiency. We use the scheduling algorithms described in Section IV along with parameters proposed by 3GPP for evaluating enhancements to LTE, in particular the Remote Radio Head (RRH)/Hotzone cell [17] .
We consider a single rectangular RRH/Hotzone cell with dimensions 50m × 60m having a BS in the center with ten randomly distributed UEs. The channel bandwidth is 10 MHz for both the half duplex and the full duplex systems. In the half duplex system, this channel is allocated alternately to a downlink and to an uplink UE. In the full duplex system it is allocated to either a pair of UEs in both directions or a single UE in a direction based on the scheduling decision. All other simulation parameters are described in Table I , based on 3GPP simulation recommendations for an RRH cell environment [17] . Path loss for both LOS and NLOS are given in Table I , where the probability of LOS (P LOS ) is,
and R is the distance in kilometers. For a given UE at a distance R from the BS, a uniformly distributed random variable is generated, and compared with the P LOS value. If it is less than or equal to P LOS then LOS is chosen otherwise NLOS. A shadowing model is also considered for each channel. The channel model between BS and UE is used between mobile UEs for the full duplex interference calculations, with the expectation that in a small cell, BS and UE are comparable. This assumption would tend to provide more conservation results for the full duplex system since one could argue that the typical UE-to-UE interference channel is likely to be poorer (therefore less UE-to-UE interference) than the typical BS-to-UE channel.
We assume a fixed power for each transmission in both downlink and uplink. This value is calculated by assuming a minimum performance requirement at the edge of the cell. In Section III we used the Shannon equation to derive favorable conditions for full duplex operation, but here we take a more pragmatic approach and use the LTE CQI table [19] , [20] . The data rate for a given SNR/SINR is calculated as
where, for a given SNR/SINR, E is the spectral efficiency and BLER is block error rate of the corresponding CQI class. For our simulations, we put SNR requirement of 10.37dB (CQI Class 10) at the edge to calculate the required transmission power in both directions. Assuming NLOS propagation, the result is BS power (P BS ) of 1.78dBm and the UE power (P UE ) of 0.78dBm. With this power settings, we run our simulation for different UE drops, each with a long time period, and generate results for both the half and full duplex systems. Figures 6 and 7 show the distribution of average downlink and uplink rates over 500 random drops. Results for half duplex operation and full duplex operation with BS selfinterference cancellation capability ranging from 55 to 85 dB (F D@x means the full duplex system with self-interference cancellation of x dB) are drawn. The full duplex system assigns full duplex, uplink or downlink slots based on the maximum index shown in (23).
As the self-interference cancellation capability increases, both the total average uplink and downlink throughput improves. Table II shows the average gain of the full duplex system compared to the half duplex system. With lower cancellation capability (e.g. 55 dB), the full duplex scheduler mostly defaults to half duplex operation (i.e., only one UE in a timeslot). As the cancellation capability is improved, the full duplex scheduler finds more favorable conditions for two UEs in a single timeslot and significant gain is shown over half duplex operation. For example, with 85 dB cancellation capability, the full duplex system provides 69% improvement in the downlink and 81% improvement in the uplink. Table II also shows that for low cancellation capability, uplink gain is lower than the downlink gain. However, as we reach 85 dB of cancellation and the self interference at the BS becomes less of an issue, the uplink shows more improvement than the downlink. As discussed in Section I, 85 dB is an achievable and perhaps even conservative value for base station performance [7] , [8] , [10] , [11] . Figure 8 shows further details of the full duplex scheduler's operation, in particular, the hybrid operation which switches between the half duplex and the full duplex scheduling. The simulation maintains statistics on UEs which are scheduled in full duplex and half duplex modes. Figure 8 plots the distribution of those UE distances for each type of timeslot assignment. For each self interference cancellation value there are two curves, one with a solid line for the UEs that are scheduled in the full duplex mode, and another with dotted line for UEs which are scheduled in the half duplex mode. It is clear that UEs which are scheduled in full duplex timeslots are typically closer to the BS than the UEs which are scheduled in the half duplex timeslots. Moreover, the lower the BS selfinterference cancellation capability, the closer the UEs to the BS in the full duplex timeslots. We also analyzed the energy efficiency by measuring a bits/joule parameter. As described above we used the same fixed power per transmission in both directions. Thus, if a UE gets more timeslots to transmit due to the full duplex operation, it uses more power but also transmits more data. Table III shows the average bits/joule for each system in the downlink and uplink directions. In the downlink direction there is a small penalty in energy efficiency for full duplex operation, meaning that the additional transmit power is not completely offset by improved throughput. This additional power is consumed to overcome the interference from the simultaneous uplink transmission. Similarly, in the uplink direction, the additional power is used to compensate the residual self-interference during the full duplex operation. But in the uplink direction, the energy efficiency starts increasing again for higher self interference cancellation because of the lower residual self interference to compensate.
VI. CONCLUSION
In this work, we extend the application of common carrier full duplex radios to resource managed TDMA-type small cell systems. We derived the favorable conditions for increasing throughput due to full duplex operation compared to half duplex in a single cell scenario. We proposed a hybrid scheduler that switches between full duplex and half duplex modes based on the best available condition. Our simulation results show that a full duplex radio using currently available practical design parameters (i.e., 85 dB self interference cancellation) can improve the capacity compared to half duplex systems by 69% in the downlink and 81% in the uplink with a small penalty in energy efficiency. The reduced performance from the ideal doubling of capacity is due to interference issues particular to full duplex operation. As an extension of this work, we are analyzing the performance of full duplex radios in a multi-cell scenario and considering power control and MCS selection for such a system. We are also evaluating the performance of such system in more real mobile environment with fading and different available antenna models with sectored cells.
